Abstract
Introduction
Angiotensin II (Ang II) has renal, hepatic, endocrine and reproductive functions; it has specific actions in the central nervous system (Catt & Abbott 1991) , and it is implicated in the regulation of the growth of cardiomyocytes, smooth muscle and kidney proximal tubular cells (Aceto & Baker 1990 , Chen et al. 1993 , Huckle & Earp 1994 , Hsueh et al. 1995 . It also induces the expression of proto-oncogenes in smooth muscle cells (Geisterfer et al. 1988 , Kawahara et al. 1988 , Taubman et al. 1989 . It has an important role in cardiovascular regulation and in the control of electrolyte balance, and its role in the regulation of Na + transcellular movements through its actions on the activity of Na + /K + ATPase is well documented in vivo and in cultured cells (Saccomani et al. 1990 , Krug & Berk 1992 , Orlov et al. 1992 , Simmons & Winegrad 1992 , Aperia et al. 1994 . All the effects ascribed to Ang II are mediated via the two different subtypes of its receptor, AT1 and AT2, which have been identified on the basis of their relative binding affinities for peptide and non-peptide antagonists (Chiu et al. 1989 (Chiu et al. , 1990 and by cloning (Murphy et al. 1991 , Kambayashi et al. 1993 , Mukoyama et al. 1993 . AT1 has a primary role in mediating the known physiological actions of Ang II, while only a few cellular responses seem to be mediated by AT2 (Speth et al. 1995) .
A local renin-angiotensin system (RAS) exists at the level of the vascular endothelium (Bell & Madri 1990) , and has been implicated in the modulation of various aspects of vascular endothelial cell function (Gimbrone & Alexander 1975 , Emori et al. 1989 . Human umbilical vein endothelial cells (HUVECs) offer the opportunity to study in vitro the multiple functions of endothelial cells; in this paper we report the results of experiments examining the effects of Ang II on the Na + /K + ATPase in these cells.
Materials and Methods
Endothelial cells were isolated from human umbilical veins as described by Gimbrone (1976) . Isolated cells were suspended in medium M199 (Sigma Chemical Co., Milan, Italy) and seeded on gelatin-coated flasks. Adhering cells were cultured until they reached confluence, harvested using trypsin-EDTA (Sigma) and seeded in new flasks with complete growth medium (M199 supplemented with 20% foetal serum, 2 m -glutamine, 60 U/ ml penicillin, 60 µg/ml streptomycin, 50 µg/ml endothelial cell growth supplement and 100 µg/ml heparin, all from Sigma). Cells at different cycles of trypsinization were seeded in multi-well plates at a density of about 1 10 4 cells/well and used for the experiments described.
Immunocytochemistry
Cells from passages 1 to 4 were grown to confluence on coverslips and fixed by adding 4% paraformaldehyde in PBS and treated with 0·3% hydrogen peroxidasemethanol to remove endogenous peroxidase activity. Coverslips were immersed in PBS containing 0·1% BSA (fraction V; Sigma) for 15 min, and probed for 90 min at 25 C with monoclonal antibody 6313/G2, which selectively recognizes the AT1 Ang II receptor subtype (Barker et al. 1993) , in RPMI 1640 culture medium (ICN-Flow Ltd, Bucks, UK) diluted 1 : 20 in PBS. Coverslips were then incubated for 45 min at 25 C with biotin-conjugated goat anti-mouse antibody (Amersham) diluted 1 : 400 in PBS. Horseradish peroxidase conjugated with streptavidin (Amersham) diluted 1 : 500 was then added for 45 min at 25 C, and colour developed with 0·06% diaminobenzidine. Finally, coverslips were counter stained for 1 min in Mayer's haematoxylin and mounted in aqueous medium. Specificity of the 6313/G2 antibody was controlled by using mouse monoclonal antibody from the same subclass and diluted in RPMI 1640 culture medium. Human umbilical cords were formalin-fixed and paraffin-embedded; sections 5 µm thick were cut, collected on poly--lysine-coated slides and stained with haematoxylin-eosin. Sections were rehydrated in a xylene-graded alcohol scale and treated with 0·3% hydrogen peroxidase-methanol to remove endogenous peroxidase activity. Sections were immersed in PBS containing 0·1% BSA (fraction V), for 15 min; finally immunohistochemical studies with monoclonal antibody 6313/G2 were performed by using the biotin-streptavidin technique as described above.
Binding assay
Cells at passage 4 were washed with 50 m Tris-HCl buffer at pH 7·4 containing 120 m NaCl, 6 m MgCl 2 , 1 mg/ml BSA, fraction V (Sigma), 1 µg/ml of each of the proteinase inhibitors aprotinin, leupeptin, soybean trypsin inhibitor, and 1 m phenylmethylsulphonyl fluoride (all from Sigma). Cells were preincubated with or without monoclonal antibody 6313/G2 diluted 1 : 10 for 20 min at 37 C and then incubated with increasing concentrations (1-120 n) of [3,5- 3 H]Tyr 4 -Ile 5 -Ang II (73·40 Ci/mmol; Du Pont de Nemours Dreieich, Germany) in the presence or absence of unlabelled human synthetic Asp 1 -Ile 5 -Ang II (Sigma). As a control for the specificity of the 6313/G2 antibody, cells were also preincubated with the irrelevant mouse IgG1 kappa monoclonal antibody against human lymphocytes CD3 surface antigen (Serotec, Oxford, Oxon, UK). The total and non-specific binding were assessed after varying periods, and the incubations were terminated by adding to the multi-well plates 3 ml ice-cold Tris-HCl. Bound and free radioactivity were separated by three washings with Tris-HCl and radioactivity counted in a Beckman LS 1801 scintillation counter.
Catalytic cytochemistry of Na
Cells at different passages (from the first to the fourth) were incubated directly in the multi-well plates with and without increasing concentrations (10-10 000 p) of unlabelled Asp 1 -Ile 5 -Ang II (Sigma) in a total volume of 2·5 ml of complete growth medium for varying periods (5-40 min) at 37 C. The reaction was terminated by adding 2·5 ml ice-cold PBS and multi-wells were washed three times with PBS. Experiments were also performed after preincubation of the cells for 15 min at 37 C with 1 m dithiothreitol (DTT) (Sigma), or after preincubation of the cells for 15 min at 37 C with 6313/G2 antibody, or also in the presence of a 1000-fold excess of DuP753 (Du Pont Merck Pharmaceutical Co., Wilmington, DE, USA), a specific competitive antagonist of the AT1 Ang II receptor subtype.
After incubations, the cells were fixed by adding 2% paraformaldehyde in PBS. Detection of Na + /K + ATPase was performed by the method of Kobayashi et al. (1987) modified by Zemanova and Gossrau (1994) , which uses p-nitrophenyl phosphate as substrate and cerium ions for inorganic phosphate capture. For the visualization of cerium phosphate, 3,3 -diaminobenzidine-H 2 O 2 -Ni- A MUSCELLA and others · Ang II AT1 receptors and Na + /K + ATPase in HUVECshexammonium sulphate was used. Briefly, cells were incubated for 45 min at 37 C in a medium containing 2 m p-nitrophenyl phosphate, 2 m CeCl 3 , Mg 2+ and K + as activators and the non-specific alkaline phosphatase inhibitors, levamisole and -phenylalanine, in 50 m Tricine buffer (Sigma), pH 7·5. Then the cells were treated for 15 min at 60 C using the visualization medium of Halbhuber et al. (1988) containing 1·4 m 3,3 -diaminobenzidine, 100 m NaN 3 and 12 m Ni(NH 3 ) 6 SO 4 in Tris-HCl, and 0·002% H 2 O 2 . Control cells were incubated without substrate, with 10 m ouabain (Sigma), or in medium in which potassium ions were replaced by equimolar concentrations of sodium ions.
Image analysis
The cells were mounted on a Zeiss Axioskop microscope linked to a video camera JVC KY-F30 (Tokyo, Japan) and the images obtained were digitalized and processed using Image Analyser Software Optilab 2·1 (Graftek, Voisins Le Bretounneux, France). To reduce random noise due to video camera recording and digitization, each image was taken four times and an integration function was used that assigned for each pixel the pixel middle value. Systematic errors in image brightness, caused by uneven illumination of the sample, were reduced by using a shade image (i.e. an image captured under the same illumination conditions but without the sample) which was subtracted from the images. Briefly, the software converted the filtered images to digital grey values (0-255) and subsequently these were correlated to the number of pixels. Black and white images (8-bit) were thresholded to generate the corresponding binary images containing the region of interest (ROI). Here, a range of brightness values corresponding to the specifically stained regions in the image was chosen, thus defining the pixels within that range as belonging to the foreground (ROI) and referring all the other pixels to the background. The minimum value of the range used for thresholding was chosen by analysing the histogram (i.e. the quantitative distribution of pixels per grey level value) of the corresponding negative control (cells similarly treated except that reaction was performed in the presence of ouabain). In the case of the Ang II receptor immunolocalization studies, negative controls were cells that were similarly treated except that 6313/G2 antibody was replaced by mouse monoclonal antibody from the same subclass. Thresholded images were used to generate the corresponding binary images, which were then used to mask the originals. Masked images were finally used to quantify the grey level values of the immunoreactive regions.
Ten fields for each of three replicate wells, at 100 magnification, were randomly chosen by an investigator blinded to the nature of the sample, and analyses of the grey level values were performed using a standard algorithm. 
Protein assay
Protein was determined with the Bio-rad protein assay kit I, using lyophilized bovine plasma gammaglobulins as a standard.
Statistical analysis
Statistical analysis was carried out using the Student's t-test for unpaired samples or ANOVA to compare multiple groups. A probability level of 0·05 or less was chosen to represent statistical significance.
Results and Discussion
In evaluating the effect of Ang II upon the activity of Na + /K + ATPase in human endothelial cells, it is clearly important to use in vitro cell preparations that retain their in vivo Ang II receptor content and distribution. Immunohistochemical analysis of paraffin-embedded human umbilical cord showed that antibody 6313/G2 specifically bound to smooth muscle and endothelial cells (Fig. 1A) . Freshly seeded HUVECs were also positive for 6313/G2 antibody by immunocytochemistry, and such immunoreactivity was still retained at passage 4 without significant variations (Fig. 1B) , as assessed by imaging (Table 1) .
Scatchard analysis of the saturation binding data performed on HUVECs at passage 4 revealed a single population of binding sites, with a K d of 0·9 0·36 n and maximal binding of 70 12 fmol/mg protein (n=3). This specific binding was eliminated in cells preincubated for 20 min with antibody 6313/G2 (Table 2 ), but not in cells treated with a mouse IgG1 monoclonal antibody against human lymphocytes CD3 surface antigen, diluted in RPMI 1640 culture medium (Fig. 2) . Non-specific effects of antibody 6313/G2 were thus excluded.
Baseline Na + /K + ATPase reactivity was detected in cultured HUVECs cytochemically. To ensure the specificity of the reaction, some experimental controls were conducted in the absence of K + or of Na + ; no reaction was visible in either case (data not shown). The reaction was also completely inhibited by the specific Na + /K + pump inhibitor, ouabain (Fig. 3B) , thus proving its selectivity and specificity. This method for measurement of Na + / K + ATPase activity was reproducible; the coefficient of variation of a single assay was 4·2% (n=6 wells), and the mean ( ..) basal activity was 2 480 558 ( 132 179) grey level values. No significant difference in the Na + / K + ATPase activity (Student's t-test: P>0·05) was measured in cells at different passages (from 1 to 4; data not shown).
Incubation of HUVECs for 20 min with different concentrations of Ang II provoked a significant increment in Na + /K + ATPase activity compared with controls (Table 3 ). The stimulation was dose-dependent between (Fig. 4) ; no further increment was seen at higher concentrations (10 000 p) or after a longer incubation time (40 min). The maximal response, obtained with 1000 p Ang II after 20 min, resulted in a 2·2-fold increment in Na + /K + ATPase activity. The reaction was completely inhibited by ouabain in both control and Ang II-stimulated HUVECs (Fig. 3B) .
That this Na + /K + ATPase response to Ang II in HUVECs is a specific function of the AT1 receptor was shown by the inhibitory actions of preincubation with 1 m dithiotreitol (Fig. 4) , which selectively inactivates the AT1 receptor subtype (Whitebread et al. 1989) and by the effect of the specific AT1 receptor subtype competitive antagonist, DuP753 (Table 4) . Monoclonal antibody 6313/G2 also inhibited both Ang II binding (Table 2) and Ang II stimulated Na + /K + ATPase activity (Fig. 4 ). This contrasts with results previously obtained in rat adrenocortical cells, in which the antibody had no effect on Ang II binding, and actually stimulated aldosterone production . However, the action on steroidogenesis is known to be mediated through the inositol trisphosphate pathway and, in contrast, Ang II stimulation of protein kinase C activation was inhibited by the antibody in rat glomerulosa cells (Kapas et al. 1994 ). The present results therefore suggest that both the conformation of the human AT1 receptor and its linkage to intracellular signalling events in HUVEC are somewhat different from those obtaining in the rat adrenal zona glomerulosa.
The endothelium has a complex role in responding to, and integrating, mechanical and biochemical signals in the vasculature. An important part in these functions is played by Ang II, and several studies have shown that Ang II receptors are present in the arterial endothelial cell, and that the hormone modulates some aspects of vascular endothelial cell function (Gimbrone & Alexander 1975 , Toda 1984 , Patel et al. 1989 . We have shown here that HUVECs in culture also express measurable and functional Ang II receptors, and that these have actions on cellular Na + and K + fluxes that are similar to those in vascular smooth muscle cell. Therefore, the local RAS present at the level of the vascular endothelium (Bell & Madri 1990) can be implicated in the control of intracellular ionic homeostasis, through modulation of the Na + /K + ATPase function.
